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Screening of a genomic library from the sea urchin Strongylocentrotus purpuratus with a human COUP-TF I cDNA probe
revealed the presence of a novel gene member of the steroid±thyroid±retinoic acid receptor superfamily, which was named
SpSHR2 (S. purpuratus Steroid Hormone Receptor 2). Sequence analysis of the isolated genomic clone revealed that the
DNA binding domain of this orphan receptor is most homologous to the human TR2 receptor. Using this sea urchin
genomic fragment as probe, a S. purpuratus embryonic cDNA library was screened and two distinct but homologous cDNA
clones were isolated. The two cDNAs encode the same DNA binding domain as the SpSHR2 gene and carry an almost
identical 3*-untranslated sequence. One of the clones, however, is missing an entire region of about 1100 nt which includes
the putative ligand binding domain. Genomic DNA hybridization suggests that SpSHR2 is a single-copy gene in the S.
purpuratus genome. Exon skipping during splicing of a single primary transcript appears to be the reason for the differently
sized mRNAs. RNA blot hybridization results suggest that SpSHR2 transcripts are stored as maternal RNA in the egg and
are not detected beyond the blastula stage. In vitro transcription and translation of the full-length cDNA produced a
polypeptide which speci®cally binds to the hormone response element in the 5*-¯anking region of the sea urchin actin
CyIIIb gene. In vivo labeling of proteins synthesized by cleavage stage embryos followed by immune precipitation of the
SpSHR2 protein using speci®c antibodies reveals that the maternal SpSHR2 mRNA is being translated during early embry-
onic development. q 1996 Academic Press, Inc.
INTRODUCTION the extensive sequence conservation of some members,
such as the COUP-TFs (chicken ovalbumin upstream pro-
moter transcription factors), among species as diverse asNovel members of the steroid±thyroid±retinoic acid su-
Drosophila melanogaster (Mlodzik et al., 1990), Strongylo-perfamily of hormone receptors (Evans, 1988; Green and
centrotus purpuratus (Chan et al., 1992), and Homo sapiensChambon, 1988) have been isolated from many organisms
(Miyajima et al., 1988; Wang et al., 1989; Ladias and Karat-on the basis of their homology with DNA binding domains
hanasis, 1991) is indicative of common function (Segraves,(DBD) of known receptors. Such nuclear receptors without
1991). Furthermore, the presence of such nuclear receptorsknown ligands, designated orphan receptors (Tsai et al.,
in unfertilized eggs and undifferentiated cells of early em-1991; O'Malley, 1990), may also exhibit regions of homol-
bryos suggests possible roles for these proteins which mayogy within their putative ligand binding domains (LBD).
differ from the established endocrine models in the regula-Relative positions of functional domains within the protein
tion of gene expression (O'Malley, 1989).molecules as well as the overall structural similarities of the
The sea urchin embryo develops as a free living plank-encoding genes are also conserved features between these
tonic form without environmental nutritional inputs untilfamily members. The ligands or activating hormones, if
it reaches the larval stage. Thus, early differentiation (with-they in fact exist, remain in most cases elusive; however,
out net growth) proceeds on the expense of the maternal
deposits in the egg. Stimuli such as hormones and growth
factors which in¯uence developmental decisions are inter-Sequence data from this article have been deposited with the
nal, either stored in the egg and activated at a later stage orGenBank/EMBL Data Libraries under Accession Nos. U38281,
produced by early established cell lineages (Davidson, 1989;U38528, and U38529.
1 To whom correspondence should be addressed. Wilt, 1987). Earlier reports described estrogenic activity in
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arti®cial sea water. Egg batches which exhibited greater than 98%ovaries of the sea urchin (Donahue and Jennings, 1937; Do-
fertilization were cultured and embryonic cultures were used onlynahue, 1939), characterized steroids in the gonads of marine
if greater than 95% of the embryos exhibited normal morphology.invertebrates including sea urchins (Botticelli et al., 1961),
and presented evidence of the inhibitory effect of oestradiol-
17b on sea urchin embryogenesis (Agrell and Persson, 1956;
In Vivo Labeling of Embryonic ProteinsJolley et al., 1962). Furthermore, retinoids applied exter-
nally to sea urchin embryos induced dysmorphic develop-
After removal of the fertilization membrane with 10 mM parami-ment (Kahn et al., 1988). Given that steroids are stored in
nobenzoic acid, 2 1 105 4-cell-stage S. purpuratus embryos (3 hrsea urchin eggs, it is important to understand their possible
postfertilization) were cultured in 5 ml of sea water containing 2.5
involvement in gene regulation during embryonic develop- mCi of [35S]methionine/cysteine mix (NEN) for 5 hr at 157C. At
ment. Since steroids, thyroids, and retinoids elicit cellular the end of the incubation period the embryos were at the 60-cell
responses by binding to their cognate receptors, these re- stage.
ports suggested the presence of nuclear receptors in the sea
urchin.
In a previous study we presented evidence that the sea Immune Precipitation
urchin genome contains genes homologous to steroid hor-
mone receptors and characterized the ®rst member of the Labeled embryos were washed several times with Ca2//Mg2/ free
family, SpCOUP-TF (Chan et al., 1992). This receptor is sea water (McClay, 1986), resuspended in 0.5 ml of TNT buffer (10
mM Tris, pH 7.5, 0.14 M NaCl, 1% Triton, 1 mM PMSF, 100 mg/found in nuclear extracts from different stages of sea urchin
ml soybean trypsin inhibitor (sti), 100 mg/ml pepstatin (ps) and 100embryos and binds speci®cally to an upstream element of
mg/ml leupeptin (lp)), and incubated for 30 min at 47C (Currentthe sea urchin CyIIIb actin gene (Flytzanis et al., 1989).
Protocols in Molecular Biology, Vol. 2, 10.16.1±11). CentrifugationCyIIIb encodes a cytoskeletal type actin (Akhurst et al.,
of the cell lysate followed at 13,000g for 10 min, at 47C. The super-1987) which is expressed exclusively in the cell lineage of
natant was collected and subsequently centrifuged at 13,000g for
the aboral ectoderm (Cox et al., 1986). Deletion of a foot- an additional 30 min, at 47C. Fifty microliters of the protein lysate
printed region that encompasses the SpCOUP-TF hormone (corresponding to 20,000 embryos) was precleared with 5 ml protein
response element from the CyIIIb upstream promoter (Nie- A beads, diluted 1:1 (v:v) with NP-40 buffer (50 mM Tris, pH 7.5,
meyer and Flytzanis, 1993) results in spatial and quantita- 150 mM NaCl, 0.5% NP-40, 50 mM NaF, 1 mM Na ortho-vanadate,
tive misexpression of reporter (CAT) fusion constructs in 1 mM DTT, 1 mM PMSF, 100 mg/ml sti, 100 mg/ml ps, and 100 mg/
ml lp). After low-speed centrifugation (3000g), the supernatant wasmicroinjected embryos (Niemeyer, 1992; and unpublished
removed and incubated with either the SpSHR2 antibody or theresults).
preimmune serum for 16 hr at 47C. After the end of the incubationWe demonstrate herein the existence of a second member
period the beads were precipitated at low speed (3000g), washed 31of the steroid±thyroid±retinoic acid receptor superfamily
with the NP-40 buffer, resuspended in 11 SDS buffer, boiled, andin S. purpuratus, a result which emphasizes the presence
loaded onto a 10% SDS±polyacrylamide gel. The dried gel was
of a functional family of receptors in the sea urchin embryo. exposed to X-ray ®lm for 8 hr.
We present the structural characterization and embryonic
expression pattern of this second gene, which encodes a
novel nuclear receptor which we named SpSHR2. SpSHR2
Western Blot Analysistranscripts are stored in the egg as maternal RNAs in differ-
ent forms resulting from alternative splicing and disappear Twenty-®ve microliters (corresponding to 10,000 embryos) of un-
before gastrulation without being replaced by embryonic labeled protein lysate was diluted with an equal volume of 21 SDS
RNAs. During early cleavage stages of embryonic develop- buffer, boiled, and separated on a 10% SDS±PAGE. The proteins
ment the SpSHR2 protein is synthesized by translation of were transferred onto nitrocellulose and incubated with either the
SpSHR2 antibody or the preimmune serum. An alkaline phospha-the maternal RNA. In vitro expressed SpSHR2 receptor
tase-conjugated goat anti-rabbit IgG (Bio-Rad, Immune Blot Assaybinds the hormone response element of the CyIIIb gene.
kit) was used as secondary antibody. The immune complexes wereThis novel receptor exhibits greatest homology with the
revealed by using the chromogenic substrates NBT and BCIP.human TR2 and RXR subfamilies of receptors.
Genomic Library ScreeningMATERIALS AND METHODS
A S. purpuratus genomic library (the gift of Drs. Frank CalzoneEmbryonic Cultures
and Eric Davidson) constructed with DNA from individual ``B''
(Calzone et al., 1988) in the vector EMBL3 was screened with theAdult sea urchins (S. purpuratus) were purchased from Paci®c
Biomarine (Long Beach, CA) and the Southern California Sea Ur- 1.5-kb human COUP-TF cDNA insert (Wang et al., 1989) as pre-
viously described (Benton and Davis, 1977). The prehybridization,chin Co. (Corona Del Mar, CA). The animals were kept at 127C in a
Marineland aquarium and fed kelp (Macrocystis pyrifera). Embryos hybridization, and washing conditions used in the screening were
the same as those described for the genomic DNA blots, with thewere cultured at 157C in stirring vessels with constant aeration,
at concentrations not exceeding 107 embryos per liter of ®ltered exception that hybridization was carried out at 607C.
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for the DNA blot hybridization were as described for the genomicGenomic DNA Blot Hybridization
blot hybridization.
High-molecular-weight genomic DNA was prepared from the
sperm of two individual S. purpuratus males (B and Bu) as described
Electrophoretic Mobility Shift Assays (EMSA)by Lee et al. (1984). The DNA was digested with EcoRI (5 mg per
lane), electrophoresed on 0.8% agarose gels, and transferred onto
A synthetic oligonucleotide (5* TGCAGCTCGAGCAAAGGT-nitrocellulose membranes (Schleicher & Schuell) as described by
CAGCGGGTCAAATGC) which corresponds to the DNaseI foot-Southern (1975). The membranes were prehybridized in 0.5 M so-
printed region C1R (COUP-TF hormone response element; Chandium phosphate buffer (PB), pH 6.8, 1% SDS, 2 mM EDTA, 11
et al., 1992) and its complementary strand were puri®ed on a 10%Denhardt's solution (Denhardt, 1966), and 100 mg/ml calf thymus
acrylamide gel. The two strands were allowed to anneal in 1.31DNA for 3 hr at 657C. Hybridization took place in the same buffer
SSC (11 SSC, 150 mM NaCl, 15 mM Na-Citrate) by gradually de-containing 2 1 106 cpm/ml denatured probe at 657C for 16±18 hr.
creasing the temperature from 70 to 207C. The probe was preparedThe probe was a PCR-generated fragment that corresponds to the
by labeling the oligonucleotides at the 5*-end with [g-32P]ATP andLBD and was labeled by nick-translation. The membranes were
polynucleotide kinase. Electrophoretic mobility shift assays (Friedwashed twice for 10 min each in 0.1 M PB, 0.2% SDS, 2 mM EDTA
and Crothers, 1981) using in vitro translated proteins were per-at room temperature and then twice using the same solution at
formed in 10-ml reactions containing 20 mM Hepes (pH 7.6), 0.5507C. The ®nal wash (0.05 M PB, 0.1% SDS, 1 mM EDTA) was
mM DTT, 75 mM KCl, 5 mM MgCl2, 2.5 mg poly(I):poly(C), 2.5 mgdone twice at 657C for 10 min each.
poly(A):poly(T), 1 ml of cell free rabbit reticulocyte extract (Pro-
mega), and labeled probe (5 1 104 cpm). After incubation at room
temperature for 20 min 1 ml of gel sample buffer (15% Ficoll 400,
RNA Blot Hybridization 0.25% bromphenol blue, 0.25% xylene cyanol) was added to each
reaction and the mixtures were electrophoresed on an 8% acryl-Total RNA (25 mg/lane) isolated from 0-, 6-, 12-, 24-, 36-, 48-, 60-,
amide gel in Tris±borate/EDTA buffer (Maxam and Gilbert, 1977).and 72-hr postfertilization embryos as described by Posakony et al.
(1983) was electrophoresed on 0.8% agarose gels in 11Mops buffer
(20 mM Mops, pH 7.0, 5 mM Na-acetate, 1 mM EDTA) containing In Vitro Transcription±Translation
6% formaldehyde and transferred onto nitrocellulose membranes
cDNA clones 4.1.1 and 4.15.13 were linearized with the restric-(Schleicher & Schuell). Prehybridization was carried out for 4 hr
tion enzymes KpnI or NdeI. The linear plasmid DNAs were usedin 50% formamide, 51 SSC, 20 mM PB, pH 6.8, 5 mM EDTA, 1%
as templates for in vitro transcription using the T3 RNA polymer-SDS, 100 mg/ml sonicated denatured calf thymus DNA, and 11
ase for clone 4.1.1, the T7 RNA polymerase for clone 4.15.13, andDenhardt's at 457C. Hybridization was carried out in the same
the kit supplied by Ambion. The synthesized RNAs were analyzedbuffer and temperature with the addition of 3 1 106 cpm/ml of
electrophoretically to ensure full-length synthesis and then usedradioactive labeled DNA probe for 18 hr. The probe was a nick-
as templates for in vitro translation using the rabbit reticulocytetranslated DNA fragment produced by PCR corresponding to the
extract and the kit supplied by Promega.LBD. The ®lters were washed twice (15 min each) with 21 SSC,
0.2% SDS, 2 mM EDTA at room temperature, twice with 0.51
SSC, 0.05% SDS, 0.5 mM EDTA at 507C, and ®nally twice with
Polymerase Chain Reactionthe same buffer at 607C.
The PCR analysis contained 5 ng of plasmid DNA (cDNA clone
4.1.1) as template and 200 ng of primers: Ant1178±nt1195 , 5*CTCAGA-
Reverse Transcription±Polymerase Chain Reaction CTCGACCACGGA and Bnt2103±nt2120 , 5*GTCTATCTGAACGTT-
(RT-PCR) ACC for the ampli®cation of the LBD. The reaction was carried
out in 20 mM Tris, pH 8.3, 25 mM KCl, 2 mM MgCl2, 0.05%
Poly(A)/ RNA was prepared from 8-cell-stage embryos, as de- Tween 20, 100 mg/ml Gelatin, and 8 units of Taq DNA polymerase.
scribed by Posakony et al. (1983). Reverse transcription was per- Temperature cycles were 967C for 15 sec, 527C for 30 sec, and 727C
formed with 1 mg poly(A)/ RNA and 13 mg random oligonucleotide for 90 sec. The reactions were stopped after completion of 30 cycles.
primers in 20 ml containing 1 mM from each of the four dNTPs, 4
ml 51 RT buffer (Promega), 1 ml 0.5 M mercaptoethanol, and 10
units reverse transcriptase (Promega). The reaction mixture was Sequencing
incubated at 427C for 1 hr followed by inactivation at 957C for 5
The sequence of genomic and cDNA fragments subcloned inmin. The PCR mixture (50 ml) contained either 1 ml of the cDNA
the vector Bluescript (Stratagene) was determined by the chain-reaction mix or 5 ng of plasmid DNA (clone 4.1.1 or 4.15.13), 2
terminating dideoxynucleotide method of Sanger et al. (1977) withmM MgCl2, 200 ng of each primer (primer 1nt889±nt913 , 5*GCCTGC-
the modi®cations adopted for double-stranded plasmid templatesAGAAGTGCCTCGACATGGG and primer 2nt2503±nt2527 , 5*GAA-
(Seedorf et al., 1985; Chen and Seeburg, 1985) using the SequenaseCTACCCTTCTCCATGAGACCAC), 5 units Taq DNA polymer-
kit from USB. Sequencing errors were minimized by sequencingase (Promega), 5 ml 101 Taq DNA polymerase buffer (Promega),
both strands and by repeating the sequencing of uncertain regions.and 0.2 mM each of the four dNTPs. The PCR conditions were 40
sec at 957C, 1.5 min at 607C, and 2.5 min at 727C. The reactions
were stopped after completion of 40 cycles. Then 20 ml of the ampli-
RESULTS®ed cDNA reaction and 1 ml of the ampli®ed plasmid DNA reaction
were loaded on a 1% agarose gel. The DNA products were veri®ed
The genomic library from male individual ``B'' wasby DNA blot hybridization using the ampli®ed 4.15.13 fragment
as probe, which was labeled by nick-translation. The conditions screened with a cDNA encoding the human receptor
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FIG. 1. Structure and partial sequence of the genomic clone SpSHR2. (a) The insert of the genomic clone l6 was subcloned into the
vector Bluescript as depicted and further characterized by restriction enzyme mapping and sequencing of the two subclones p2.455 and
p2.500. The orientation of the inserts within the vectors is noted by L and R for the lambda clone arms and by T3 and T7 for the Bluescript
plasmid subclones. Bg, BglII; H, HindIII; Hn, HincII; Pv, PvuII; Ps, PstI; R, EcoRI; S, SalI; and Xb, XbaI. The two EcoRI sites marked with
asterisks denote the 6.5-kb genomic fragment of individual ``B,'' detected on the genomic DNA blot. The bar represents the structure of
the SpSHR2 gene segment which is included in the subclones p2.455 and p2.500 as revealed by sequencing and comparison to the cDNA
clones. Open boxes with Roman numerals represent introns, shaded boxes correspond to coding sequences, and black boxes indicate the
two zinc ®ngers of the DBD. The structure of the primary transcripts is also shown as determined by comparison of the genomic DNA
to the cDNA clones (4.1.1 and 4.15.13) and by sequence comparison of the cDNAs to each other. Horizontal bars represent exons, with
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TABLE 1COUP-TF I. In addition to the SpCOUP-TF gene (Chan et
Similarity (Percentage of Identical Amino Acids) of the SpSHR2al., 1992), another clone was detected as a weak hybridiza-
DBD to the 66 Amino Acid Domains of Other Memberstion signal. This clone was designated l6. Subsequent DNA
of the Superfamilyblot hybridization analysis revealed that the COUP-TF's
DBD, which shares homology with l6, produced the ob-
tained signal whereas the hormone binding domain of
COUP-TF did not hybridize to clone l6 (data not shown).
To distinguish between the possibilities of a novel gene
or a second SpCOUP-TF gene, we subcloned the positive
restriction enzyme fragments of l6 (p6.10 and subsequently
p2.455 and p2.500) and sequenced them. Figure 1 shows the
subcloning and sequencing results of the DBD carried on
the genomic clone l6. This domain (66 amino acids) is 65%
homologous to the SpCOUP-TF and, as shown in Table 1,
shares most similarity with another orphan receptor, the
human TR-2 (78.8%). Closely related is the human 9-cis
retinoic acid receptor RXRa (74.2%), whereas the human
RARa and the fruit ¯y gene ultraspiracle (usp) have a 68.2%
similarity. Considering the relatively low degree of homol-
ogy between these DNA binding domains, we classify
SpSHR2 (the gene found on the genomic clone l6) as a novel
member of the superfamily. In contrast, the sea urchin
COUP-TF and the human COUP-TFs share 96 and 92%
of the amino acids within their DNA and ligand binding
domains, respectively.
There are two unusual structural features of the SpSHR2
gene (Fig. 1b). First, the second intron of this gene is rather
small, only 290 nucleotides long, and second, it is local-
ized in the middle of the ®rst zinc ®nger rather than be-
tween the two ®ngers, as is the location for the majority
of the members of the steroid±thyroid±retinoic acid re- Note. These data were obtained by a homology search of Gen-
ceptor family (Evans, 1988). Interestingly, the second in- Bank. hTR2, human testis receptor 2; hRXR, human 9-cis retinoic
tron of the mouse RXRg gene is found in the exact same acid receptor; hRAR, human retinoic acid receptor a; Dusp, Dro-
sophila ultraspiracle; hEAR-2, human v-erbA-related gene;position (Liu and Linney, 1993); the human TR2 gene
hCOUP-TF I, human COUP-TF I gene; Dsvp, Drosophila seven-upstructure is currently undetermined. In addition to the
gene; SpCOUP-TF, Strongylocentrotus purpuratus COUP-TF gene;observed homology of the DBDs, the position of the sec-
hER, human estrogen receptor; hVitD, human vitamin D receptor;ond intron is supportive of the hypothesis that SpSHR2
hGR, human glucocorticoid receptor; hAR, human androgen recep-evolved from a common ancestor of the TR2 and RXR
tor, hPR, human progesterone receptor. The numbers within the
subfamilies. Further characterization of the SpSHR2 gene boxes indicate the percentage of identical amino acids.
by hybridization of a 4.1.1 cDNA probe (fragment a in Fig.
2a) to fragments of the genomic clone l6 suggests that the
5* end of the gene may not be present on the cloned seg-
ment (data not shown). On the other hand, hybridization screened using as probe the insert of the genomic subclone
2.500 (Fig. 1a). This library (a gift of Drs. Frank Calzone andof a 3* noncoding cDNA probe (fragment b in Fig. 2a) re-
vealed that the 3* end of the gene is found within the Eric Davidson) was derived from RNA isolated from 4-hr
postfertilization embryos (8-cell stage). Several cDNAcloned sequence on l6 (see map in Fig. 1a).
To obtain cDNA clones and characterize the SpSHR2 clones were obtained and their inserts rescued and propa-
gated in plasmids. Two clones with the longest inserts weretranscripts, a S. purpuratus embryonic cDNA library was
the size of each indicated in number of nucleotides. The alternatively spliced region (E5) is presented with a single bar, although it may
be composed of more than one exon. The connecting thin lines depict the splicing of the introns, without reference to their size. The 3*
noncoding region is presented as broken bars, since it is unknown if another intron(s) resides within this region. (b) The nucleotide
sequence of the subclones p2.455 and p2.500 and the deduced amino acid sequence of the open reading frames. Intron/exon boundaries
were con®rmed by comparison to the cDNA sequence. The DBD (66 amino acids) is presented in boldface characters. Note the small
second intron and its unusual location in the middle of the ®rst zinc ®nger.
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FIG. 2. Structure and partial sequence of the SpSHR2 cDNA clones. (a) Restriction enzyme map of the two SpSHR2 cDNAs. The boxes
represent the open reading frames (ORFs). The region between the restriction sites PstI and SmaI within the ORF of clone 4.15.13 is
shorter by about 1.1 kb. Also missing from this cDNA are the 5* noncoding region and part of the coding sequences up to the middle of
the DBD. The only different restriction site in the overlapping regions is SmaI, found only in the 3* noncoding sequence of the clone
4.1.1. The doubleheaded arrows denote the fragments used as hybridization probes (a and b) or as templates for the in vitro synthesis of
RNA (c, d, and e). Bs, BsmI; Kp, KpnI; Nd, NdeI; Ps, PstI; R1, EcoRI; Sc, SacI; and Sm, SmaI. (b) Comparison of the two cDNAs' nucleotide
sequences around the site of the alternative splicing event. Boldface characters denote nucleotides encoding the DBD. Nucleotides present
in the clone 4.1.1 but not in 4.15.13 encode 360 amino acids of the putative LBD. The common termination codon is underlined. The
two slashes at the end of the sequences denote that only part of the similar 3* UTR is presented (see GenBank for the entire sequence).
further characterized by restriction enzyme mapping and single nucleotide substitution (nucleotide 5162 in 4.1.1 and
3291 in 4.15.13). All other restriction enzyme sites mappedsequencing. The maps of the two cDNAs, referred to as
4.1.1 (6.2-kb insert) and 4.15.13 (4.4-kb insert), revealed that at the 3* end of the two cDNAs were identical. It was thus
not clear from mapping alone if the two cDNAs were repre-the latter was missing 5* sequences and had an internal
deletion as well (Fig. 2a). Another difference was the lack senting overlapping fragments or transcripts obtained from
distinct genes.of a SmaI site at the 3* end of clone 4.15.13 because of a
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the reverse transcription PCR approach both transcripts
were detected (Fig. 4). Figure 1a shows the positions of the
appropriate set of primers with small arrows. To distinguish
between the two RNAs, primers 1 and 2 were chosen to
anneal to exons 3 and 6, respectively, outside the LBD. As
expected, ampli®cation of the transcript that corresponds
to clone 4.1.1 produced a band of 1600 bp, whereas ampli®-
cation of the transcript that corresponds to clone 4.15.13
produced a band of 560 bp. Bands comigrating with the
ampli®ed controls were visible when analyzed on a 1% aga-
rose gel; however, in order to recon®rm their identity,
Southern blot analysis was employed and the 4.15.13 ampli-
®ed fragment was used as probe. It should be mentioned
that the selected set of primers would differentiate the pres-
FIG. 3. RNA blot hybridization of SpSHR2 transcripts in develop- ence of contaminating genomic DNA in the RNA prepara-
ment. Total RNA from S. purpuratus eggs and embryos was hybrid- tions, since the length of two or possibly more introns
ized with the LBD probe which corresponds to the LBD. The post- would be included in an ampli®ed genomic fragment. Other
fertilization times at which embryos were collected are indicated controls include omission of reverse transcriptase from the
in hours above each lane. The arrows labeled 28s and 18s denote reaction or reverse-transcribed yeast t-RNA ampli®ed with
the migration positions of the ribosomal RNAs.
the same set of primers. There were no ampli®cation prod-
ucts observed in these controls, which shows the speci®city
of the reactions. A third band of 1000 bp was also observed
that is presumably the product of another alternative splic-To answer this question and to reveal the putative amino
acid sequence encoded by the two cDNAs, we set out to ing event that occurs in this region of the SpSHR2 gene.
From the reverse transcription±PCR analysis and thesequence both of them. The entire nucleotide sequence of
the two cDNAs can be found in GenBank. Clone 4.1.1 is Northern blot, it is evident that both transcripts are mater-
nal since they are found deposited in the unfertilized eggfull length, composed of 461 nucleotides of 5* UTR, 1749
nucleotides of an open reading frame encoding 583 amino and persist in the early embryonic stages of S. purpuratus
(Fig. 3). Surprisingly, though, neither mRNA is detectableacids, and 4008 nucleotides of 3* UTR. The most striking
feature of the smaller cDNA clone, 4.15.13, is the lack of
an entire region, consisting of one or more exons (Fig. 2b
and graphically in Fig. 1a), which is present in clone 4.1.1
and the genomic clone l6 (data not shown). This region
encodes the majority of the putative LBD (361 amino acids)
of the receptor. It is possible that this region is composed
of more than one exon, which are missing in the RNA
cloned as cDNA 4.15.13. The structure and the exon(s) skip-
ping event found in clone 4.15.13 are graphically presented
in Fig. 1a in comparison to the full-length clone 4.1.1. For
ease of presentation the missing LBD of 4.15.13 is presented
as one region (exon 5). Any other splicing events that may
take place in the long (4 kb) 3* UTR should be common to
both SpSHR2 transcripts, since both cDNAs share the same
3* UTR with few nucleotide differences resulting from indi-
vidual polymorphism. The truncated protein encoded by
the clone 4.15.13 should have the same C-terminus, since
FIG. 4. DNA blot hybridization of reverse transcribed±PCR prod-the alternative splicing event leaves the remaining coding
ucts. Poly(A)/ RNA prepared from embryos at 4 hr after fertilizationsequence in the same reading frame. Clone 4.15.13, which
was used as template (lane 3). A 1600-nucleotide band correspond-is not full length, starts in the middle of the DBD between
ing to clone 4.1.1 and a 560-nucleotide band corresponding to clonethe two zinc ®ngers and thus lacks the 5* UTR and the N-
4.15.13 were detected. Ampli®cation of plasmid 4.1.1 (lane 1) andterminus of the encoded protein.
4.15.13 (lane 2) was also performed, and they served as positiveThe presence of the maternal SpSHR2 transcripts in S.
control and size markers. In lane 4 reverse transcriptase was omit-
purpuratus eggs and embryos was con®rmed by RNA blot ted from the reaction, whereas in lane 5 reversed transcribed yeast
hybridization and Reverse transcription±PCR analysis. The t-RNA was ampli®ed with the same set of primers. The lack of
LBD probe, which was used in the Northern blot, derives ampli®cation products in lanes 4 and 5 serves as a negative control.
from clone 4.1.1 (region designated exon 5 in Fig. 1a) and The PCR-ampli®ed 4.15.13 fragment was used as hybridization
probe. The BRL 1-kb ladder was used as the size standard.detects only the longer of the two transcripts (Fig. 3). Using
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kDa) calculated from the open reading frame. It is possible
that the migration difference is due to posttranslational
modi®cations in the reticulocyte system and that in vivo,
as in vitro, the protein is derived by the use of the initiation
and termination codons predicted from the sequence. Fur-
thermore, the faster migrating bands observed in lane 4.1.1
may be due to shorter, in vitro synthesized RNAs, un®n-
ished polypeptide chains, initiation of translation at a differ-
ent methionine, or degradation of protein products. The
KpnI linearized 4.1.1 cDNA is transcribed to a shorter RNA,
which produced the same size polypeptides as the NdeI
linearized plasmid (data not shown), suggesting the selec-
tion of the same termination codon during in vitro transla-
tion of both transcripts. In vitro translation of the RNA
obtained from clone 4.15.13 did not produce any detectable
polypeptides in SDS±PAGE. As already mentioned, this
clone does not have the translation initiation codon, nor
any coding sequences up to the middle of the DBD. If in
vitro translation of 4.15.13 RNA starts elsewhere in the
cloned sequence, the longest possible polypeptide predicted
would have an open reading frame of 107 amino acids. Such
a polypeptide, if synthesized by the in vitro translation sys-
tem, would not be resolved by our SDS±PAGE.
FIG. 5. In vitro translation and DNA binding of the SpSHR2 re- The SpSHR2 DBD is similar to the DBD of the other sea
ceptor. In vitro transcription and translation of the two cDNA urchin orphan nuclear receptor SpCOUP-TF (Table 1). To
clones was performed as described under Materials and Methods. investigate if the SpSHR2 receptor is able to bind speci®-
(a) Autoradiogram of translation products analyzed on a 10% SDS± cally to DNA and the possibility that it may also bind the
polyacrylamide gel. Lanes marked 4.1.1 and 4.15.13 represent the same hormone response element that SpCOUP-TF binds,
translation products obtained by the corresponding RNAs. BMV,
the in vitro translated polypeptides from both clones wereBromosaic virus RNA; dash denotes no RNA input. The boldface
used in DNA binding experiments (EMSA) to the humanarrow points to the 77-kDa protein synthesized by the 4.1.1 RNA.
response element (HRE)-containing oligonucleotide from(b) EMSA with the in vitro translated polypeptides presented in a.
the upstream sequence of the CyIIIb gene. The EMSA re-The labeled oligonucleotide used as probe was a 33-mer (see Materi-
als and Methods) which corresponds to the 0425 to 0450 ¯anking sults suggest that the protein encoded by the clone 4.1.1
region of the CyIIIb gene and carries the HRE. Lane 1, probe only; can speci®cally bind the hormone response element (Fig.
lane 2, 4.1.1 protein; lane 3, 4.1.1 protein plus 200-fold excess of 5b). No speci®c binding activity was detected in the extract
unlabeled probe; lane 4, 4.1.1 protein plus 200-fold excess of an containing the translation products of the 4.15.13 RNA.
unrelated oligonucleotide; lane 5, 4.15.13 protein; lane 6, 4.15.13 The latter clone, which is missing the translation initiation
protein plus 200-fold excess of unlabeled probe. The arrow points codon and a complete DBD, serves as a negative control
to the speci®c complexes formed by the 4.1.1 protein and the star
(same as reticulocyte lysate alone without addition ofdenotes other complexes formed by endogenous proteins of the
RNA). Thus, other bands observed in the EMSA, which arereticulocyte extract.
also speci®cally competed by excess unlabeled probe, are
the association products of endogenous proteins in the retic-
ulocyte extract, which recognize the steroid response ele-
ment as well.beyond the blastula stage (24 hr postfertilization), which
suggests that they belong to a minor fraction of maternal To ®nd out if the SpSHR2 transcripts which are detected
by RNA blot hybridization in embryos up to the blastulaRNAs. In contrast, the large majority of transcripts stored
in sea urchin eggs are transcribed by the embryonic nuclei stage are translated into protein during early development,
we labeled total embryonic proteins (60-cell-stage embryos)as well (Flytzanis et al., 1982).
The coding potential of the isolated cDNA clones was in vivo by culturing S. purpuratus embryos in the presence
of 35S-amino acids. Newly synthesized labeled SpSHR2 pro-analyzed by linearizing the two plasmids at the appropriate
sites (KpnI and NdeI for clone 4.1.1 and NdeI for clone tein was immunoprecipitated with the use of speci®c anti-
bodies developed in rabbits against a fusion protein between4.15.13 respectively; Fig. 2a), followed by in vitro transcrip-
tion and translation of the RNAs and polyacrylamide gel the SpSHR2 putative LBD and the bacterial maltose binding
protein. Figure 6a shows that the antibodies precipitate aelectrophoresis of the resulting polypeptides. 4.1.1 cDNA
produced two closely migrating polypeptides (Fig. 5a) in single polypeptide with an apparent size of about 75 kDa,
whereas the preimmune serum does not. Since the antibod-SDS±PAGE with an apparent molecular weight of 75 kDa,
somewhat larger than the expected molecular weight (65 ies were produced against the putative LBD of SpSHR2, we
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polyadenylation site, and use a common termination codon,
indicate that the different SpSHR2 RNAs are transcribed
from a single-copy gene in the S. purpuratus genome. Thus,
the most plausible explanation for the generation of the
two cloned mRNAs is alternative splicing of the LBD from
primary transcripts obtained from a single gene.
A homology search of GenBank revealed other genes that
encode nuclear receptors with homology to SpSHR2. The
most similarity is exhibited by the human TR2 class of
receptors, which were isolated from human testis and pros-
tate cDNA libraries (Chang et al., 1989). In addition to the
FIG. 6. Synthesis of SpSHR2 during embryonic development. (a) DNA binding domain (Table 1), the LBD of clone 4.1.1 is
Immunoprecipitation of 35S-labeled protein extracts obtained from partially homologous to the human TR2-11, the longest of
20,000 60-cell-stage embryos (lane 2). The SpSHR2 protein (arrow-
the human forms (Fig. 8). Most amino acid homology ishead) is speci®cally precipitated by the SpSHR2 antibody, but not
exhibited by the DBD (region C, 79%) and regions II and IIIby the preimmune serum (lane 1). (b) Western blot analysis utilizing
of the LBD (64.3 and 65.2% respectively), whereas the entireunlabeled protein extracts from 10,000 60-cell-stage embryos (lane
LBD (region E) is 62% homologous. The regions A/B (15%)1). The SpSHR2 antibody speci®cally recognizes one polypeptide
and D (41%) have diverged the most. The overall aminoband, whereas the preimmune serum does not (lane 2). Ab, SpSHR2
antibody; PI, preimmune serum. acid homology between the SpSHR2 and TR2 receptors is
50%. It is interesting that one of the human cDNAs, TR2-
7 (Chang et al., 1989), also encodes a truncated polypeptide
which does not have a LBD, similar to our clone 4.15.13.
do not know if the smaller RNAs which skip this LBD
during splicing are also translated during development. Fur-
thermore, Western blot analysis was employed in order to
show the presence of the SpSHR2 receptor in unlabeled
extracts from the same cell-stage embryos (Fig. 6b). A single
polypeptide band of about 75 kDa was detected when the
SpSHR2 antibody was utilized, whereas no band was de-
tected with the preimmune serum.
To determine if the mRNAs corresponding to the cloned
cDNAs are transcribed from the same or two different
genes, genomic DNA blot hybridization was performed us-
ing as probe a DNA fragment generated by PCR which corre-
sponds to sequences from the LBD of clone 4.1.1. The choice
of a probe contained within this region, which cannot be
cleaved by the restriction enzyme used in the digestion of
the genomic DNA, was made to simplify the hybridization
pattern. This probe corresponds to a portion of the LBD,
does not overlap with the DNA binding domain, and thus
is speci®c for the SpSHR2 gene. Genomic DNA isolated
from the sperm of two different male sea urchins was used;
one of them (DNA from individual B) was the same as that
used for the construction of the genomic library. The result
of this experiment reveals the presence of at least four dis-
crete alleles for the SpSHR2 locus, since each individual
DNA produced two positive bands (Fig. 7). One of these
alleles is expected to be carried by the genomic clone l6.
The size of one of the two positive EcoRI bands, 6.5 kb,
observed in the genomic blot with individual B, is the same
as the corresponding fragment on l6, con®rming the iden-
FIG. 7. SpSHR2 genomic blot hybridization. Each lane containstity of the allele. Additional genomic blots using different
5 mg of S. purpuratus genomic DNA isolated from individuals ``B''
male individuals and a 3* UTR probe which hybridizes to and ``Bu,'' digested with EcoRI. One of the two closely migrating
both cDNA clones further suggests that SpSHR2 is a single- positive bands of individual ``B'' is 6.5 kb long. A PCR-generated
copy gene in S. purpuratus (data not shown). These results, DNA fragment that corresponds to the LBD was used as probe. The
combined with the ®ndings that both transcripts have an BRL 1-kb ladder was used as size marker, and the arrows on the
left point to corresponding DNA fragment lengths in kilobases.almost identical 3*-untranslated region, share the same
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FIG. 8. Amino acid homology between the SpSHR2 (clone 4.1.1) and the human TR2-11 receptors. Boldface characters correspond to
the DBD and to regions II and III of the LBD. Dashes denote identical amino acids and periods are in the place of gaps which were inserted
to facilitate alignment (dynamic programming algorithm of Altschul and Erickson). Lowercase characters correspond to sequences not
shared by both proteins. The homology of each domain is graphically depicted at the bottom of the ®gure. The numbers under the boxes
indicate the positions of amino acids corresponding to the limits of various domains and the boldface numbers the percentage of homology.
The A/B regions correspond to the N-terminus of the protein, the C region to the DBD, the D to the linker region, and the E to the
putative LBD (Green and Chambon, 1988).
The difference in the case of the human TR2-7 is an inser- tion. In Drosophila, many transcription factors identi®ed
tion of extra nucleotides in the encoding gene, which intro- originally as important developmental genes have now been
duces a new termination codon after the DBD rather than classi®ed as orphan steroid hormone receptors, based on
the exon omission during splicing of the SpSHR2 tran- their structural characteristics and sequence homology to
scripts. However, other variants of TR2 transcripts, presum- bona ®de receptors (Segraves, 1991). To elucidate the func-
ably the result of alternative splicing, have also been ob- tion of such receptors in sea urchin embryonic develop-
served (Chang et al., 1989). ment, we began by identifying members of the superfamily
and characterizing their structure and expression patterns.
SpSHR2, the second member of the sea urchin family of
nuclear receptors, is a novel gene. Although similar to theDISCUSSION
human TR2 receptor, the degree of sequence homology
within the functional domains of the two proteins is notIn the course of our studies on the regulation of the actin
high enough to classify SpSHR2 as the sea urchin TR2 ho-CyIIIb gene during sea urchin embryonic development, we
mologue. The precedent of the sea urchin COUP-TF, which,identi®ed a steroid HRE in the upstream promoter, which
in contrast to SpSHR2, is almost identical to the humanacts in cis-. This HRE was shown to be recognized by mem-
and fruit ¯y genes, is supportive of this claim. The de®nitebers of the COUP-TF subfamily of nuclear receptors, includ-
answer to the identity of SpSHR2 will be given when weing the sea urchin homologue SpCOUP-TF (Chan et al.,
know the ligand (hormone) which binds to this receptor. In1992). The extent of the family of nuclear hormone recep-
addition to the sequence homology, another similar featuretors in the sea urchin and the importance of these proteins
in embryonic development is at present a matter of specula- between the SpSHR2 and TR2 transcripts is the large size
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of the mRNAs because of the very long 3*-untranslated se- tory possibilities by such homo- or heterodimers for the
CyIIIb gene, especially if these two receptors are unevenlyquences. The SpSHR2 transcripts are alternatively spliced,
as previously noted for the thyroid receptor (Izumo and distributed in the embryo in a spatially speci®c manner.
Mahdavi, 1988), the progesterone receptor (Conneely et al.,
1987) and the TR2 receptor (Chang et al., 1989). A negative
regulatory role has been proposed for those thyroid receptor ACKNOWLEDGMENTS
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